This paper proposes a simple equalizer for a recent multicarrier block transmission scheme which pads zeros (as opposed to a cyclic prefix) in each transmitted block. In the absence of high-power amplifier induced nonlinear effects, it is shown that the resulting scheme is simply the dual of the classical Cyclic Prefix OFDM transceiver. Comparison between the two systems that takes into account nonlinear distortions introduced by the clipper is also performed in the practical context of the wireless broadband SGHz HiperLAN/2 system. Both the classical pilot-based as well as novel (semi-) blind subspace algorithms are applied for channel estimation. The advantage of subspace methods in lowering the variation of channel tracking is corroborated with simulations which verify practically accurate channel estimates along the bursts.
INTRODUCTION
Though unnoticed for some time, there has been an increasing interest towards multicarrier and in particular Orthogonal Frequency Division Multiplexing (OFDM), not only for digital audioand video-broadcasting (DAB and DVB) but also for high-speed modems over Digital Subscriber Lines (xDSL), and more recently for small area mobile wireless broadband systems (ETSI BRAN HiperLAN/2, IEEE802.1 l a and MMAC).
In order to enable a very simple equalization scheme in the frequency domain, classical multicarrier systems insert at the transmitter, after IFFT modulation, a time-domain redundant Cyclic Prefix (CP) of length larger than the FIR channel memory (see e.g., [l] ). At the receiver end, CP is discarded to avoid interblock interference and each truncated block is FFT processed -an operation converting the frequency-selective channel output into parallel flat-faded independent subchannel outputs each corresponding to a different subcarrier. Unless zero, flat fades are removed by dividing each subchannel output with a simple gain equal to the channel transfer function value at the corresponding subcarrier.
Instead of inserting the CP, it was proposed recently in [2] to pad Trailing Zeroes (TZ) (a null signal) at the end of each IFFT modulated block. This new modulation, so termed TZ-OFDM, introduces the same amount of redundancy as CP-OFDM and thus results in the same bitrate loss. Interestingly, TZ-OFDM assures channel-irrespective retrieval of the transmitted symbol blocks even when a channel zero is located on a subcarrier which is not possible with the CP precoder [2] . The price paid by TZ-OFDM is increased receiver complexity (the single FFT required by CP-OFDM is replaced by FIR filtering).
In this paper we take a closer look at TZ-OFDM and establish that even the receiver complexity can be made equal to that of CP-OFDM. Specifically, we propose a simple equalization scheme based on the well-known overlap-and-add (OLA) block convolution algorithm (as opposed to the overlap-and-save (OLS) approach exploited by CP-OFDM). As a trade off, the resulting TZ-OFDM-OLA transceiver inherits CP-OFDM's simplicity in equalization but also forsakes TZ-OFDM's channel-irrespective blind identifiability and symbol recovery. Interestingly, based on the OLSlOLA link, we show that in the absence of high-power amplifier (HPA) nonlinearities (NL) TZ-OFDM-OLA is in fact the dual of CP-OFDM system by a transposition of their flow graphs. For this reason, they share the same global transfer function and are expected to perform similarly. Because HPA-NL have to be taken into account in practice, we consider the Peak to Average Power Ratio (PAPR) as figure of merit [3] , and compare TZ-OFDM-OLA with CP-OFDM both analytically and with realistic simulations tailored to the practical context of the HiperLANI2 (HL2) standard.
Additional comparisons are performed between two semi-blind subspace-based channel estimators developed for the CP and Ti! precoders of [4] and [5], and both are also compared with the convenional pilot-based approach. To comply with the HL2 standard, some modifications of these algorithms are derived herein in order to account for the presence of zero subcarriers that are used to provide frequency guard-bands between adjacent OFDM systems. Although often ignored in the literature, accounting for these guardbands is important because they cause rank deficiency of the transmitted signal correlation matrix. In addition to modifying subspace channel estimation algorithms, we also show in this paper how to remove their inherent scalar-ambiguity by resorting to a semi-blind least-squares criterion that incorporates pilot subcarriers. 
DESCRIPTION OF THE TWO SYSTEMS

EQUIVALENCES AND COMPARISONS
Since both CP and TZ precoders share a similar simple equalization scheme and give rise to the same parallel flat fading carriers model of figure 1, we are prompted to investigate links between the two transceivers. Towards this objective, one can redraw both systems as MIMO flow graphs [6] and show that TZ-OFDM-OLA with its simple equalization structure is simply the transposition of the CP-OFDM flow graph. In fact, direct application of Tellegen's theorem [6] leads to the following result:
Theorem: Assuming a linear time invariant baseband model (corresponding to a static channel free of non-linearities introduced by the RFfront-end), TZ-OFDM-OLA with its simple equalization structure has exactly the same baseband transferfunction than the classical OFDM system.
Hence, both systems can be expected to perform the same in a given context. However, it is well known that the HPA introduces nonlinear distortions [3] which destroy orthogonality between the carriers and deteriorate the OFDM system performance by introducing intercarrier interference. Thus, even if correction methods have been developed [7] , it is shown below that, for a given clipping ratio (number of clipped symbols divided by the total number of transmitted symbols), the mean transmitted power by TZ-OFDM is smaller compared to CP-OFDM.
In LFrom another angle, if one fixes the clipping ratio to a common value C = C n = Ccp, the two precoders require different Input Back-Offs and their transmitter SNR are given by:
where I S , " ( . , ' ) denotes the information symbol (noise) variance.
The SNR difference ASNR := SNRcp -S N R z can be found from (2)as: ASNR= l O l o g ( l + $ ) + B~-B~~w lOlog(l+$) where the last approximation holds for small clipping ratios. For the HL2 transmissions detailed in the next section, DIN = 0.25, and figure 2 shows that clipping effects alone entail excess SNR incurred by the CP relative to that required by TZ precoding as high as 0.96 dB. However, this degradation may be compensated by some particular properties of the TZ precoder such as the existence of the specific subspace channel estimation method presented in 5. This motivates our subsequent comparison between the TZ-OFDM-OLA and the CP-OFDM systems based on simulations for a specific scenario which also incorporates different channel estimation methods.
HIPERLAN/2 AND CSI WITH TRAINING
We have chosen to compare the two precoders in the practical context of the HL2 broadband wireless communication standard (similar to IEEE802.1 la) currently under definition. HL2 is a multicarrier systems operating over 20MHz in the 5GHz band The first two blocks of the burst (s(0) and s( 1)) contain training symbols which are known to the receiver and can be used for channel status information (CSI) acquisition. Relying on these known training symbols and the received noisy FFT processed data r ; ( k ) , the OFDM receiver forms an initial channel estimate using: 
This method is the classical pilot-based estimation algorithm usually adopted by coherent modulation OFDM schemes [SI.
Because only the entries m = 12,26,40,54 contain known (pilot) symbols in subsequent blocks s(k)k>z, one can track adaptively the channel transfer function using a running average (over say B = 10 blocks) based only on these 4 frequencies as follows:
r,(k-I)/s~"(k-l)foriE{l2,26,40,54} (4)
Actually the standard specifies these 4 pilot carriers for synchronization and phase tracking purposes (in a coherent modulation scheme) but they are too distant in frequency (spaced more than the channel coherence bandwidth) for estimating the channel by a simple interpolation or even for tracking channel variations. Thus only a partial channel tracking can be achieved using (4) which may not yield accurate channel estimation in rapidly varying environments. To enhance mobility in HL2. semi-blind channel estimation is well motivated especially with the relatively small number of carriers that enable even subspace approaches to be tried with affordable complexity.
SUBSPACE-BASED CHANNEL ESTIMATION
In the following only the TZ precoder is considered. The corresponding equations for the CP precoder have been slupped for the sake of conciseness but can be straightforwardly derived from [4].
Consider the system depicted in figure 4 The presence of null side carriers is not specific to HL2 but is a common feature of all current standardized OFDM systems (DAB, DVB, etc.) These virtual carriers entails that the autocorrelation matrix Rss has now a rank K instead of N . This generates some problems with the subspace algorithms that cannot be applied directly and have to be modified. The required adjustments are detailed below.
The received signal F"(k) c_an now be expressed as: Pw(k) = H0Fusu(k) instead of P ( k ) = HoFs(k) where Fu is the truncated N x K matrix obtained from F by removing the columns corresponding to the zero entries of s(k) and where sn(k) corresponds to the non-zero components of s(k).
Thus, in that case, the channel estimation is obtained considering equation: GHHoF, = 0 instead of GHHo = 0. Note that this equation leads to hH GFu = 0 by commuting the vector-matrix product as detailed in 5.
In [4], a semi-blind algorithm has been proposed which directly applies to the present context. This algorithm accelerates the convergence of the blind algorithm by taking benefit of the training sequence sent at the beginning of each burst to initialize the autocorrelation matrix estimation. However it does not remove the inherent blind method scalar indetermination. Indeed the channel is identified by minimizing (5) subject to a properly chosen constraint for avoiding the trivial zero solution. This leads to a channel estimation up to a scalar coefficient a: hsub = ah and a can be inferred from the pilot carriers as described below.
Denote by rp', . . . , rrl the symbols received on the pilot carri-
ers. An estimation of the channel attenuations at the corresponding frequencies is provided by:
HP" = [<"/PI,. . . , tf1/P4IT
Another estimation of these coefficients can be inferred from the the subspace identification (up to a):
where Fpil is the matrix obtained from the size N FFT matrix FN by selecting the pilot carriers rows and by removing the others. Thus, coupf[lng (6) and (7), a can be determined by solving the linear system Hsub = &Pi' in the least square sense. However if the channel estimation i;sub = & obtained using the subspace algorithm is far from the true CIR h (up to a), the final channel estimation will remain inaccurate even if a is estimated such that I(h -gsub/all is minimal. Somehow no benefit is taken from from the knowledge of the channel attenuations on the pilot carriers for the subspace algorithm. This can be achieved by considering the composite following modified linear system including a second member:
Since this equation is only approximatively verified in practice, it has to be solved in the least square sense similarly to ( 5 ) which leads to the minimization of the following criterion:
This criterion, whose solution is given by = (Qpil)-lFpi'Hfipi'
where QP" = E : ; ' G;Gy + FpiIHFp", is very close to the semiblind criterion already proposed for another context in [9] . The difference in our case is that the training symbols cannot provide alone a channel estimation.
As illustrated in the simulations, the resulting semi-blind algorithm combining all the previous described enhancements outperforms the classical pilot-based channel estimation.
SIMULATIONS
This section presents a comparison of the CP-OFDM and the TZ-OFDM-OLA schemes using either the classical pilot-based or subspace channel identification algorithm. All the results have been obtained running Monte Carlo simulations, each trial corresponding to a different realization of the typical 5GHz wireless indoor channel A model specified by HL2. Note that for enabling a fair comparison between the various algorithms an extra denoising of the estimation is applied to the classical pilot based method. This refinement consists in taking into account in the estimation process that channel in the frequency domain actually corresponds in the time domain to a FIR of length w N/4 [lo].
The channel estimation Mean Square Error (MSE) is only relevant on the U useful carriers since only these subb_ands will be equalized and is defined as: MSE = 6 CuEU IH(u) -H(u)I2 where U is the set of indices corresponding to the U useful carriers.
Moreover, in order to better quantify the impact of the channel estimation on the system overall performance, we use the following "effective SNR' criterion [ l l ] defined as:
This criterion can indeed be interpreted as the comprehensive SNR observed at the receiver by the Viterbi decoder. In fact, the Viterbi algorithm decod_es the transmitted symbols si on the carrieri, having an estimate Hi of H; by minimizing the metric mi = Iri -H;siI2 = lri -H;s, -A(Hi)sjI*. Hence since practical OFDM systems al.. ways implement frequency interleaving, the perturbation A(H;)s, can be approximated by a white Gaussian noise. Therefore it can! be gathered with the classical thermal noise into a single noise term. which justifies equation (9) . Thus the effective SNR jointly takes into account the real noise and the channel estimation error and is a reliable criterion of the system performance. However, it is important to notice that this criterion only makes sense with the CP-OFDM and TZ-OFDM-OLA equalization schemes and is no1 relevant for extrapolating coded BER in another context (e.g. the robust original TZ-OFDM transceiver proposed in [2]). Figure 5 illustrates the evolution of the channel estimation MSE along the burst assumed here to contain 500 OFDM symbols. It clearly appears that the channel estimations provided by the classical pilot-based method degrade quickly when the channel is varying whereas the subspace algorithms track approximatively its variations. The channel estimation turns to be more accurate for the Ti! algorithm after 150 symbols (about 0.75dB at the end of the frame) which already corresponds to very long bursts. This can be explained by the fact that the size of the autocorrelation matrix used by the TZ subspace algorithm is half the size of the one processed by the CP one. Figure 6 displays the effective SNR averaged over the burst as a function of the thermal SNR. This figure is the most meaningful since it provides a more reliable idea of the system mean BER performance than the channel MSE. When using the subspace algorithms compared to the classical method, a gain of about 0.5dB at SNR=SdB and 1.5dB at SNR=lOdB can be expected. Actually the difference in performance between the CP and the TZ transceivers is tiny (between 0 and 0.25dB) and could be further reduced when dealing with smaller bursts.
CONCLUSIONS
This paper has presented a simple equalization scheme for the TZ precoder and a subspace channel estimation algorithm. A comparison between the TZ-OFDM-OLA and CP-OFDM transceivers has been conducted in the HL2 context. As expected because of the duality of the two systems, the two schemes exhibit very similar performance. Accounting for the nonlinearities introduced by the clipper and PAPR issues, it has been illustrated that the CP precoder requires a smaller input power back-off than the TZ leading to a larger SNR of operation. This results in a better performance for CP-OFDM when transmitting small bursts. However, with long bursts TZ-OFDM-OLA is to be preferred because it has better channel tracking capabilities than CP-OFDM. Moreover, one may also benefit by using the more complex TZ-OFDM receiver that has the capability to retrieve the information sent on a carrier corresponding to a channel zero which is not the case for the CP-OFDM or the TZ-OFDM-OLA system considered herein. Note that this could bring significant performance gains. Finally, this paper has highlighted that semi-blind methods could be considered as a practical solution for tracking channel variations and improving the pilotbased channel estimation accuracy. 
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